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ABSTRACT
During the design of the NASA Time History of Events and Macroscale Interactions during Substorms (THEMIS)
mission of a constellation of five identical micro-satellites studying the electromagnetic activity in near Earth space
responsible for the Aurora Borealis or the Northern Lights, there were significant challenges to meet mission
objectives for a low mass, low power, thermally safe, and attitude control as it pertains to multiple deployables for
the constellation of five identical spacecraft. The design risks were mitigated and verified by test and analysis and
on February 17, 2007 the THEMIS mission was launched from Cape Canaveral, Florida. This paper will revisit
some of the design and analysis attributes and determine the flight validation of these attributes based on one year
plus on orbit performance. The comparison to on-orbit engineering data will be compared to design and analysis
predicts in terms of the spacecraft bus performance and the differences observed. Also, included will be lessons
learned from the perspective of operations.
The THEMIS constellation was successfully launched
in February 2007 off a Delta II rocket from Cape
Canaveral Air Force Base (CCAFB). Figure 1 shows
the five Probes on the Probe Carrier awaiting fairing
closure.

INTRODUCTION
This paper presents a flight validation approach and
look into the THEMIS mission following more than one
year from launch. The mission overview and spacecraft
bus design will be revisited followed by launch and
early orbit to flight bus on orbit performance findings.
This paper is written from a Systems Engineering
perspective and is concentrated particularly on the
spacecraft bus systems and housekeeping for the
payload, which is the science instrument suite. During
the subsystem sections, the design will be reviewed
following a validation summary from flight telemetry
and/or usage perspective.

The THEMIS mission consists of a constellation of five
satellites (probes) carrying identical suites of electric
field, magnetic field, and particle instruments used to
determine the cause of global reconfiguration and
transport of explosive releases of solar wind energy into
the Earth’s magnetosphere. Figure 2 shows an
illustration of the satellite constellation orbiting the
Earth with its instruments fully deployed. Each probe
incorporates flight-proven instruments and subsystems
reducing cost and risk while increasing system
reliability. Every four days, the five probes line up
along Earth’s magnetosphere tail—providing an
opportunity to measure substorm disturbances in
concert with ground observatories dispersed throughout
North America. The design mission life of the
constellation is two years. The probes are deployed into
highly elliptic orbits that extend from 1.2 earth radii
(RE) at perigee out to 34 earth radii at apogee. These
orbits require a robust design due to the high radiation
environment, large delta-v requirements, and long
eclipses, which are up to three hours in length.

The chronological sequence of validation will be from
launch until over one year of mission operations out of
a two year design mission.
Mission Overview
The THEMIS mission is a NASA Medium Class
Explorer (MIDEX) Mission. The University of
California Berkeley (UCB) has overall Mission
responsibility and developed the instrument suite. UCB
also manages the on-orbit operations of the five satellite
constellation from their ground station at Berkeley.
ATK Space was the Prime Contractor for the THEMIS
Probe Buses, the Probe Carrier, which is used to deploy
the satellites from the spinning third stage, and the
provider of the separation systems.
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Bus System Design Requirements
Table 1 provides a summary of the THEMIS Mission
and Bus subsystem characteristics1. The subsequent
sections of this paper provide further background on the
THEMIS requirements and subsystem design and flight
validation.
Table 1:

THEMIS Mission Characteristics

Resource /
Subsystem

Mass

Power

Communication

Figure 1: THEMIS Constellation (Courtesy NASA)

Command & Data
Handling

Attitude Control

Propulsion

Launch Vehicle
Orbit knowledge
Accuracy
Formation Control
Science Data
Volume
Radiation
Environment

Figure 2: THEMIS Constellation Illustration

Reliability
Ground Stations
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Characteristic
Spacecraft Bus Dry Mass: 51 kg
Instrument Mass: 26 kg
Probe Dry Mass: 77 kg
Propellant: 49 kg
Probe Wet Mass: 126 kg
Allowable Mass: 134 kg
Margin: 8 kg (6.3%)
Spacecraft Bus Power: 11 W
Instrument Power: 15 W
Heater Power (EOL for 3 hr eclipse): 11 W
Probe Power: 37 W
Available Power: 40.5 W
Margin: 3.5 W (9.5%)
Battery capacity (BOL): 12 AmpHr
S-band
EIRP: 2.4 dBW
Array of six Patch Antennas
Two-way Doppler tracking
Uplink command rate: 1 kbps
Ten downlink rates Max rate: 1.024 Mbps
CCSDS compatible command & telemetry
formats
Five days worth of engineering data storage
Time (UTC) distribution
Spin rate (Science): 16 ±2 rpm
Spin axis orientation: < 1° (knowledge), < 3°
(control)
Spin phase knowledge: < 0.1°
Ground based attitude determination
Monopropellant Hydrazine System
Number of thrusters: 4 (4.4N ea.)
Total ∆V: 940 m/s
Propellant: 49 kg
Three-Stage Delta II, 7925-10
Mass to orbit capability: 829 kg
< 100 km
Not required other than drift compensation
Data Volume: ~ 400 Mbits per day
Five days worth of storage
TID: 66 krads (2 years, 5mm Al, RDM of 2)
Observatory Ps = 0.91 (2 years)
Mission Ps = 0.94 (4 of 5 s/c required)
UCB ground station and USN stations
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Spacecraft Design
Figure 3 provides a view of the exterior and interior of
the spacecraft bus with the instruments stowed.

Figure 4: THEMIS Probe Carrier
The Launch Vehicle provided a 28 VDC source and
wiring to a connector at the Probe Carrier to PAF
interface for the THEMIS probe separation monitor
circuitry. The circuitry linked to each Probe umbilical
harness where each probe contained a separation
breakwire line. The LV then monitored the 0 to 5 V
output from the Probe Carrier signal using the
Telemetry System. The Launch Vehicle Third Stage
transmitted the probe separation telemetry and the team
verified separation on launch day.
Figure 3: Spacecraft Exterior/Interior Design

Figure 5 and Figure 6 show the Launch Vehicle
telemetry from RF link from Reagan Test Site Kwajalein displaying voltage output indicating
separation and time. Figure 5 contains verification of
all satellite deployments. Figure 6 details a more fine
tune display exhibiting voltage output signals for each
Probe, whereas each probe contains its own voltage
output signal upon separation. Had there been an
unfortunate issue such as a stuck probe during
separation, the voltage output telemetry would have
been valuable input to an anomaly investigation.

Launch and Early Orbit Validation
Following launch at 6:01 PM EST on February 17,
2007 and after fairing separation, the Delta II Third
Stage took the THEMIS payload to the insertion orbit
where first Probe A separated and then 3 seconds later,
Probe B and E separated simultaneously as designed
and planned. The Launch Vehicle Third Stage Voltage
Control Oscillator (VCO) System contained telemetry
that confirmed separation from a resistor network
diagram designed and built by ATK Space in the Probe
Carrier Umbilical Signal Patch Panel (USPP). Figure 4
below contains a photo of the Probe Carrier at its
electrical functional verification test at the Payload and
Launch Vehicle Payload Attach Fitting (PAF) fit check.

Probe B thru E Separation

Probe A Separation

Figure 5: Probe Separation
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Figure 7: Deployment Model

Figure 6: Probe Separation Verification – Each
Probe

LEO Acquisition

The physical separation or deployment of the probes
from the Probe Carrier while attached to the Third
Stage was facilited through a marman band system that
used a pyro system initiation from the LV Third Stage.
The pyro actuator initiated at the LV through pyro lines
routing from the Third Stage along the Probe Carrier to
each of the probes. Each probe contained a Separation
System designed and built by ATK Space that had bolt
cutters at the interface of the pyro line and marman
band. The first Probe was released and three seconds
later the four remaining Probes were released.

On February 18, 2009, the Probes separated from the
launch vehicle 73 minutes after the 6:01 PM EST
liftoff. At 8:07 PM EST, each probe was commanded
to and received signals at 4 kbps for 5 minutes in round
robin fashion by the mission operators at UCB. The
individual probe telemetry confirmed nominal
separation status via the bus avionics and validated
good state of health.
Following the second scheduled contact on the same
day, the team had minimal to zero contact with the
probes for most of the first orbit and very tense
anomaly meetings were held throughout the night.
There was little to no engineering telemetry data
available for the team to troubleshoot the anomalies. A
spacecraft emergency was declared by the project
allowing NASA’s TDRSS and DSN assests to be
called. The probes were finally contacted on the 2nd
day following launch and all probes state of health were
verified as good condition. The root case to the
problem was due to the 3 sigma low placement from the
launch vehicle which led to a 33 hour orbit instead of a
31 hour orbit which led to subsequent spacecraft passes
being missed. After the orbit solution was corrected on
the 2nd day of the mission, the probes were consistently
and reliably contacted.

The verification of the probe separation was an obvious
significant success for the mission and spacecraft
design team. During the design and analysis phase,
there were extensive Monte Carlo run deployment
analyses and many in depth development tests of the
probe separation system tip-off and clearance
calculations.
The static clearances were originally set based on the
preliminary deployment analysis of the Probes from the
Probe Carrier. The deployment analysis was refined
throughout the design and test lifecycle based on
extensive separation system testing and the evolution of
the mass properties. The validation analysis of the fullup deployment system included more than 1,000 cases
that varied numerous parameters in order to assure that
there was adequate clearance margin under all
deployment scenarios. Figure 7 provides an illustration
of deployment model used in the verification analysis.

THEMIS Mission Stages
Following the initial orbit placement finding, the team
got back on track monitoring the spacecraft and began
the mission phases.
Figure 8 contains the 5 mission stages as prepared by
UCB. Stage 1 ran from launch to September 2007 and
was the Injection or Coast Phase. After launch all
spacecraft were lined up in the same orbit with a 15.4
Re apogee. The probes were commissioned, despun to
a lower 7 RPM spin rate that was monitored by Attitude
Control System and Avionics telemetry for instrument
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deployment, and then spun up to its design spin rate at
20 RPM. Currently, all probes are validated at the
design spin rate and within design tolerance of ± 2
RPM. In Fall 2007, the probes were placed in their
respective orbits per Figure 8. As this paper is written,
the mission is into its science gathering phase.

The following figure contains a snapshot of the
THEMIS Constellation website providing the real time
telemetry for each probe. The Constellation Status has
been utilized by the Probe Bus team as a way for the
engineers to check up on their subsystems whenever
they would like and in particular key phases of the
mission. The website displays the date and time in
UTC, mission elapsed time, orbit geometry, probe bus
subsystem data, and instrument housekeeping data.

Stage 1: Injection or “Coast” Phase
Right after launch all spacecraft are lined up in the same
orbit with a 15.4 Re apogee. Spacecraft commissioned.
Booms deployed on “inner” Probes.
Stage 2: Orbit Placement Phase
Also called “Dawn phase” because the apogee of the
orbits are on the dawn side of the magnetosphere.
Probe 1 apogee is at 30 Re, Probe 2 at 20 Re, Probes 3
and 4 at 12 Re, and Probe 5 at 10 Re.
Stage 3: Tail Science Phase
In the tail science phase the apogee of the orbits are in
the magnetotail. Prime science mission.
Stage 4: Radiation Belt Science Phase
Also called the “Dusk phase” because the apogee of the
orbits are on the dusk side of the magnetosphere.
Stage 5: Dayside Science Phase
In the dayside science phase the apogee of the orbits
are on the dayside of the magnetosphere.

Figure 8: THEMIS Mission Stages

PROBE BUS DESIGN FLIGHT VALIDATION
Probe health and safety is continuously monitored by
UCB Mission Operators throughout the 2 year mission.
The probe bus system red and yellow limits were
established by ATK Space and loaded onto the
Integrated Test and Operations System (ITOS) ground
station. Upon launch and early orbit activities and after
about two months of mission operations on-site support,
the ATK Space Bus team verified consistent
functionality. The flight operations were as expected
and within spacecraft limits and limit monitoring.

Figure 9: THEMIS Constellation Status
One of the remaining hurdles for the spacecraft design
following early orbit operations was the maximum 3
hour eclipse, which was one of the most significant
driving requirements for the spacecraft. The probes had
to survive temperature limits for a 3 hours eclipse and
the probe system power load requirements during the
eclipse.
On March 5, 2008, a little more than one year following
launch, the three hour eclipse probe bus performance
was demonstrated without issue during the P1 orbit. It
was found that the probes were consistent in
performance in various orbits and sun attitudes. Some
of these consistencies will be covered in the following
subsystem sections. The consistency between probe to
probe is a testament to the probe system quality and
workmanship.

The probes can be constantly monitored on the
THEMIS Constellation Status website designed and
supported by UCB. The Constellation Status website
shows relative real time telemetry for each probe after
data is received from the ground station. The ITOS
system limits are incorporated into the Constellation
Status website as a direct software interface. The
Constellation Status website is as follows:
http://soleil.ssl.berkeley.edu/ground_systems/themis_co
nstellation_status.html.

Mass and Power Design Overview

The probes are contacted one at a time during each
applicable pass.
To allow planning and spacecraft
communications preparation, UCB Mission Operations
Center also has a satellite tracking schedule that they
monitor on the following website:

As with most small satellite designs, mass and power
are a premium resource that need to be managed with
great diligence. The mass of the probe bus was not
dictated by the launch vehicle throw weight since there
was ample mass margin for the Probe Carrier Assembly
(five probes and probe carrier) on the Delta II. The
mass requirements were driven by the individual delta-v
requirements (> 920 meters/sec) for the largest apogee

http://soleil.ssl.berkeley.edu/ground_systems/bgs_tracki
ng_schedule.html
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orbit. Mass was managed aggressively by the mission
and spacecraft team throughout the design cycle, which
resulted in minimal mass growth. Table 2 provides the
summary of the masses for the bus subsystems prior to
shipment to UCB for instrument integration and
mission testing.
Table 2:

managed power extremely effectively throughout the
design cycle.
The next sections discuss how some of the above mass
and power challenges have been flight validated and
how it has ultimately enhanced the mission.
Power Subsystem Design Flight Validation

Bus Dry Masses

Bus Subsystem/Hardware
Prime Structure (excludes arrays)
Secondary Structure and
Miscellaneous Hardware
Separation Ring
Propulsion
ACS Sensors
(IRU Assembly & Sun Sensor)
Auxiliary Electronics
Bus Avionics Unit (BAU)
S-Band Antenna Assembly
S-Band Transponder
Battery Assembly
Bus Harness
Solar Panels (8 per Bus)
Thermal
Bus Spin Balance Masses
Total Mass (kg)

Mature
Mass (kg)

% of Total

11.03

21.47%

2.62

5.10%

2.00
12.20

3.89%
23.75%

0.61

1.19%

0.53
3.02
0.65
2.58
3.27
3.24
6.53
2.17
0.94

1.03%
5.88%
1.26%
5.02%
6.36%
6.31%
12.70%
4.23%
1.82%

51.40

100.00%

The power subsystem is a Direct Energy Transfer
(DET) system, which means that the solar array panels
are wired directly to the spacecraft bus. The THEMIS
solar array panel configuration consists of four solar
panels mounted on the four sides of the probe and four
small solar panels mounted on the top and bottom
surfaces (two per surface). The side panels each contain
four strings of cells and the small panels each contain a
single string.
Power bus regulation is provided by a Lithium Ion
battery which is sized for post launch maneuvers and
eclipse power requirements throughout the 2 year
mission life.
Battery charging is controlled by
monitoring the battery terminal voltage and comparing
it to a threshold voltage that is the battery vendor
recommended maximum allowable battery voltage
(nominally 33.8V). As long as the measured battery
voltage is less than the threshold voltage, all power
from the solar array that is in excess of load
requirements is used to charge the battery. Once the
maximum battery voltage is reached, the required
shunts are activated such that the voltage is clamped
and the battery is no longer charging.

As discussed earlier, the probe bus power limitations
were highly constrained, primarily attributed to the
relatively long eclipses for the 24 hour orbit. This
resulted in a highly constrained power budget that was
managed aggressively by the mission and spacecraft
team. A number of power consumption techniques were
used to lower consumption on the Bus side. The Bus
Avionics Unit (BAU), which houses the Bus flight
computer, communication subsystem interface, and the
power control electronics incorporated the following
power saving techniques2:
-

The THEMIS power subsystem provides power to the
spacecraft C&DH, ACS, RF, Thermal and RCS
subsystems, as well as the instruments.
This is
accomplished via switched, unswitched power and
pulsed services. Each power service is equipped with
over current protection and current telemetry. Pulsed
services do not provide telemetry, however they do
provide current limiting to prevent failure propagation
beyond the source of the fault.

Maximized the use of low power devices (3.3v
supply) wherever possible
Matched processor speed to FSW throughput
requirements
Powered down EEPROM devices when not
being used
Utilized high efficiency switching power
supply design
No opto-isolation to save power, increase
reliability

Figure 10 shows the block diagram of the THEMIS
Power Subsystem.

These power consumption optimization techniques
were major enablers for the THEMIS mission. The
totally passive Bus Thermal design was also optimized
to reduce the power load of heaters during eclipses. The
Thermal subsystem is one area where the program
realized power consumption growth predominately due
to heater power requirements. Regardless, the team
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Solar
Array

Um bilic al
SAS
Interface

3 Hr Eclipse
Period

BAU Power Module
Shunt
Regulation
Battery
Charging

Battery
Charge
Control

+28V Sw itched Pow er
+ 28V Unsw itched Pow er
Heater Pow er

Figure 11: Battery Performance – 3 Hr Eclipse

Power
Distribution

+28V Power Bus
Battery
TLM

Battery
Enable
R elay

D irect
Power

3 Hr Eclipse
Period

Charge/
Discharge

Battery

Figure 10: Power System Block Diagram

After launch and within the first days on orbit, it was
apparent that there was more power being generated by
the solar panels than was predicted. The BAU battery
charge control circuitry performance has been validated
utilizing on-orbit telemetry.
The battery charge
circuitry has maintained the bus voltage of each probe
to about 33.8 V, consistent with the BAU flight unit test
data. Battery voltage telemetry for the first year of
operation has never exceed 33.85 V. The power
consumption for the probe bus was as predicted
whereas the majority of the power consumption was
from the transponder receiver and transmitter current
and the DC/DC/ converter. The DC/DC converters are
performing properly with all secondary voltage
telemetry within spec. The solar array current values
were higher than predicted which is evaluated to be the
effects of earth albedo which were seen to increase the
current on the panels by up to 50%. As far as the power
subsystem as a whole, the probes are performing
nominally, producing more power than anticipated,
consuming power as predicted, and controlling all
voltages as designed.

Figure 12: Solar Array Performance – 3 Hr Eclipse

Figure 13 contains Power Subsystem data showing the
consistency from probe to probe power system given
the different various orbits. It can be seen from the data
that the Power Subsystem mission operations data is
very consistent in terms of bus voltage and current,
power consumption for the transponders and DC/DC
converters, secondary voltages, and solar array currents.
Constellation Status Spacecraft Name
Constellation ID

Orbit Geometry

Geocentric Perigee Radius
Geocentric Apogee Radius
Perigee Height
Apogee Height
Inclination
Right Ascension of Asc Node

THEMIS
B
P1

P5

Orbit and Attitude

1.484 Re

1.564 Re

THEMIS
C
P2

1.423 Re

THEMIS
D
P3

THEMIS E
P4

1.632 Re

1.631 Re

10.753 Re
3089.1 km
62207.2 km
10.419 deg

31.305
3600
193289.8
9.386

Re
km
km
deg

19.433 Re
2699.7 km
117571.2 km
2.271 deg

11.592
4028.5
67555.4
5.186

Re
km
km
deg

11.593
4021.8
67561.7
5.714

Re
km
km
deg

Argument of Perigee
Orbital Period
Current Orbit

289.686 deg
40.958 deg
21.313 h
443.748 rev

125.937
189.43
93.82
236.149

deg
deg
h
rev

296.653 deg
23.317 deg
47.421 h
302.266 rev

288.362
44.667
23.94
425.602

deg
deg
h
rev

287.285
45.823
23.939
425.534

deg
deg
h
rev

Inertial Attitude

Spin Axis Right Ascension

280.413 deg

102.592 deg

102.713 deg

280.643 deg

Bus

Bus Voltage
Bus Current
Battery Voltage
Battery Current
DC-DC Converter Current
+5.2V Analog Voltage
+3.3V Voltage
+2.5V Voltage
-5.2V Analog Voltage
+5.2V Digital Voltage
Solar Array 1 Current
Solar Array 2 Current
Solar Array 3 Current
Solar Array 4 Current
Total Solar Array Current
Linear Shunt Current
Switched Shunt Circuit 1
Status
Switched Shunt Circuit 2
Status
Switched Shunt Circuit 3
Status
Transmitter Current
Receiver Current

33.62 V
1.8 A
33.67 V
-0.125 A
0.213 A
5.18 V
3.23 V
2.48 V
-5.18 V
5.18 V
0.403 A
0.406 A
0.42 A
0.43 A
1.591 A
0A

Battery
Power Converters

Figure 11 and Figure 12 contains telemetry data during
the first 3 hour eclipse period for the battery and solar
array currents respectively.
Battery Depth of
Discharge for the 3 Hr Eclipse performed better than
the power analysis.

THEMIS A

Solar Arrays

Shunts

Transponder

280.831 deg

Power Subsystem
33.54
1.979
33.64
-0.563
0.216
5.17
3.23
2.49
-5.17
5.16
0.344
0.343
0.353
0.364
1.404
0

V
A
V
A
A
V
V
V
V
V
A
A
A
A
A
A

33.56 V
1.449 A
33.61 V
-0.298 A
0.217 A
5.2 V
3.25 V
2.49 V
-5.2 V
5.19 V
0.369 A
0.373 A
0.383 A
0.385 A
1.511 A
0A

33.69
1.767
33.73
-0.273
0.214
5.19
3.23
2.49
-5.19
5.19
0.331
0.348
0.367
0.353
1.756
0

V
A
V
A
A
V
V
V
V
V
A
A
A
A
A
A

33.62
1.563
33.65
-0.162
0.215
5.2
3.24
2.49
-5.19
5.19
0.336
0.36
0.376
0.39
1.629
0

OFF

OFF

OFF

OFF

OFF

OFF

OFF

OFF

OFF

OFF

OFF
0.741 A
0.154 A

OFF
0.733 A
0.149 A

OFF
0.747 A
0.149 A

OFF
0.734 A
0.153 A

OFF
0.737 A
0.155 A

Figure 13: Power Subsystem Data
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Propulsion Subsystem and Delta V Performance

and perform solar wind, magnetotail, and lunar science.
ARTEMIS is planned to perform measurements in the
lunar environment from October 2010 until September
2012.

Each of the five, spin stabilized THEMIS probes
contain a Reaction Control System (RCS) for orbit
attainment/maintenance and attitude control. The RCS
system used by each THEMIS probe is an unregulated,
monopropellant hydrazine system operating in a two
stage blow-down mode.
Helium is used as the
pressurant for both stages. Each THEMIS Probe RCS
consists of propellant tanks (2), thrusters (4), propellant
filters (2), latch valves (2), LP pressure transducer,
propellant fill / drain valves (2), thermal control heaters,
survival heaters, required plumbing, component
mounting brackets, orifice, and electrical harnessing.
Each THEMIS Probe RCS also includes a repressurization system consisting of a pressurant tank, a
pressurant fill / vent valve, pyro valve, helium filter, HP
pressure transducer, dual-seat solenoid check valve and
helium service valve.

Attitude Control Subsystem
The Attitude Control Subsystem contains a Sun Sensor,
Inertial Reference Unit Assembly, and the ACS flight
software interface coordinating RCS thruster
operations. The ACS is responsible for the early orbit
and current orbit placement/adjustment maneuvers.
During design and I&T, several maneuver scripts and
contingency scripts were written, verified through the
THEMIS flight software spacecraft simulator and
loaded onto the probes. The examples of some of the
maneuvers and with thruster pulses are described in this
section.
The spacecraft were launched in a powered-on stated
and therefore IRU rates and Sun Sensor data were
available at separation to monitor the separation event.
As discussed earlier, initial contact with Probe A (top
probe on Probe Carrier stack) occurred on time and as
expected. The separation from the Probe Carrier for
Probe A was monitored during this first contact, while
separation telemetry for the remaining probes was
obtained via on-board recorders. The dynamics of all
probes were very similar at separation, with slight
variations in the sun angles of each probe, but all were
very near the target of 45˚. The spin rate and IRU rate
telemetry for Probe B is shown in Figure 15. The first
plot is the probe spin rate in RPM, the second is the
probe Sun angle in degrees, and the third is the x and y
IRU rates in rad/sec. A summary comparing the status
of all five probes is shown in Figure 16. Note that the
Probes B data does not show a spin rate until after
separation since the Sun sensor could not see the Sun
until release, due to its orientation on the probe carrier.
Substantial damping of the off axis rates can be seen in
the IRU data as soon as 20 minutes after release3.

The repress system was added just prior to the program
CDR to provide the mission more fuel fill capacity and
delta V capability therefore increasing the mission
margin, probe placement options and contingency
plans. Figure 14 contains the design blow-down curve.
450
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Figure 14: RCS Blow-Down Curve
The total delta V performance predicted base on probe
mass using the repress system was about 920 to 940
m/s.
Prior to the final orbit placement, all probe’s pyro
initiators were fired and was shown successful. At over
one year and 3 months into the 2 year mission, the
accumulated delta V is about 350 m/s on average for
the probes. The calculated fuel mass used is 18 grams
out of 48.5 grams per probe with about 60% fuel
remaining.
In fact, due in part to the robust design and fuel
efficient probe, a follow-on mission ARTEMIS has
been approved and added to extend the THEMIS
mission into the year 2012. The ARTEMIS mission
will take the two outer THEMIS probes into lunar orbits
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nutation rate, and thus is a good indicator of nutation
and the nutation damping. An initial large disturbance is
seen as expected from the thruster firing, but it can be
seen that all disturbances are well damped within 2.5-3
hours of the maneuver. Nutation time constant
predictions did not include this probe configuration, but
the damping did appear more rapid than initially
expected. All probes behaved virtually identically for
these initial maneuvers.

Figure 15: Probe B Separation

Figure 17: Probe A – First Reorientation Maneuver

Throughout the lengthy orbit placement and continuing
science mission, the ACS components and subsystem
have performed extremely well, with no anomalies to
date. There were no issues regarding nutation or
nutation damping during any of the many maneuvers
performed, and all sensors continue to operate
nominally. It is interesting to note, that while the IRU
assemblies were originally planned to be powered on
during maneuvers due to a perceived lifetime issue
related to radiation dosing, the sensors have been left
powered for the entire mission. To date, the IRUs
continue to operate nominally, without any anomalies
or issues. shows a summary of the current ACS status,
again showing all sensors and all probe ACS
subsystems operating nominally3.

Figure 16: ACS Post Launch Summary

The first attitude maneuver performed on each probe
was a precession maneuver to place the Sun closer to
the spin plane. The maneuvers consisted of 40 Sun
synchronous pulses of 0.25 seconds each on thruster
A1. These maneuvers resulted in a Sun angle of near
15˚. The maneuver for probe A is shown in Figure 17.
The additional fourth plot in Figure 17 is a band pass
filtered rate from the IRUs. This rate is filtered to only
include the frequency content near the expected
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Constellation Status Spacecraft Name
Constellation ID
Sun Sensor

Inertial Reference
Units

Spacecraft Illumination
Spin Rate
Sun Aspect Angle
Sensor Temperature
IRU Power Status
IRU X Built-in-Test
IRU Y Built-in-Test
IRU X Rate Output
IRU Y Rate Output
IRU X Temperature
IRU Y Temperature

THEMIS A

THEMIS B

THEMIS C

THEMIS D

THEMIS E

P5

P1

P2

P3

P4

Attitude Control System

Axial Boom (MLI
blanketed)

SUNLIGHT
19.989 rpm
-5.188 deg
23 C

SUNLIGHT
19.995 rpm
3.938 deg
13.8 C

SUNLIGHT
19.954 rpm
3.688 deg
18.9 C

SUNLIGHT
19.991 rpm
-4.688 deg
21.6 C

SUNLIGHT
20 rpm
-4.938 deg
22.8 C

ON
PASS
PASS

ON
PASS
PASS

ON
PASS
PASS

ON
PASS
PASS

ON
PASS
PASS

-0.01 V
0.01 V
29.5 C
33 C

-0.01 V
0V
27.7 C
26.4 C

-0.05
-0.01
31.2
29.4

V
V
C
C

0V
0V
38.3 C
28.7 C

-0.05 V
-0.01 V
32.7 C
33.4 C

Top Solar Arrays

VDG Top
Deck

Radial EFIs
(Cond. Isolated)

Figure 18: ACS Summary – Science Phase
Bare M55J
Corner Panel

Thermal Requirements, Design and Validation

SSTs (cond.
Isolated)

The THEMIS requirements posed many challenges for
the Thermal Control System (TCS). One of these
challenges was minimizing heater power consumption
during 180 minute shadows using passive techniques.
Because of the small size Probe, the body mounted
solar arrays were limited in area and hence limited the
power available for heating components, such as the
hydrazine Reaction Control System.

Blanketed Corner
Panel

Side Panel
(GaAr Solar
Cells)

To minimize heater power consumption during 3-hour
long eclipses and off-nominal attitudes, the THEMIS
TCS design utilized high efficiency MLI blankets,
customized ULTEM isolators, and high absorptivity to
emissivity ratio coatings (Vapor Deposited Gold).
These passive design aspects allowed for a worst case
cold orbit average heater power of 11 Watts while
maintaining temperature limits in the worst case hot
orbit.

Bottom Deck
(MLI)
Bottom Solar
Arrays
Transponder
Radiator (OSR)

Figure 19: THEMIS Thermal Design

Probe magnetic cleanliness and surface charging
requirements also created challenges for the TCS in that
it limited the pool of thermal control materials from
which to choose from. And to meet these requirements,
unique methods and procedures had to be implemented
as mentioned in the following sections. Figure 19
contains the passive thermal design exterior features.

Chen

Sep Ring (Gold
Outer, MLI inner)

From the flight telemetry data, the probes showed
consistency from probe to probe even with distinct
different orbits. The mission orbits baseline is for sun
normal to the spin axis. Figure 20 contains an example
of the consistency for the probes as they are in their
applicable shown mission orbits.
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Constellation Status Spacecraft Name
Constellation ID

Orbit Geometry

Geocentric Perigee Radius
Geocentric Apogee Radius
Perigee Height
Apogee Height
Inclination
Right Ascension of Asc Node
Argument of Perigee
Orbital Period
Current Orbit

Battery and Decks

Solar Panels

RCS Heaters and
Fuel Lines

RCS Thrusters

Battery Temperature
Top Deck Temperature
Axial Boom Temperature
Antenna Temperature
Solar Panel 1 Temperature
Solar Panel 2 Temperature
Solar Panel 3 Temperature
Solar Panel 4 Temperature
Solar Panel Top Temperature
Solar Panel Bottom
Temperature
RCS Heater 1 Current
RCS Heater 2 Current
RCS Heater 3 Current
RCS Fuel Line 1
Temperature
RCS Fuel Line 2
Temperature
RCS Service Valve
Temperature
Thruster A1 Temperature
Thruster A2 Temperature
Thruster T1 Temperature
Thruster T2 Temperature

THEMIS A

THEMIS
B
P1

P5

THEMIS
C
P2

Orbit and Attitude
1.484 Re

THEMIS
D
P3

THEMIS E
P4
3 Hr Eclipse
Survival

1.565 Re

1.423 Re

1.632 Re

1.631 Re

10.753
3088.9
62206.8
10.419

Re
km
km
deg

31.306
3602.4
193298.6
9.389

Re
km
km
deg

19.434
2700.9
117574.1
2.268

Re
km
km
deg

11.592
4028.1
67555
5.186

Re
km
km
deg

11.593
4021.5
67561.5
5.713

Re
km
km
deg

289.682
40.962
21.313
443.795

deg
deg
h
rev

125.934
189.436
93.827
236.16

deg
deg
h
rev

296.64
23.333
47.424
302.287

deg
deg
h
rev

288.352
44.678
23.939
425.644

deg
deg
h
rev

287.275
45.835
23.939
425.576

deg
deg
h
rev

Thermal Subsystem
16
7.8
12.2
-18.9
12.9
12.8
12.2
12.3

C
C
C
C
C
C
C
C

12.2
20.8
9.8
-12
12
10.1
10.8
12.5

C
C
C
C
C
C
C
C

11.8
20.9
7.6
-10.4
14.1
12.9
13.2
12.9

C
C
C
C
C
C
C
C

15
10.6
10.2
-21.1
13
11.8
12.6
14

C
C
C
C
C
C
C
C

15.8
11.3
12
-16.9
12
11
11.9
11.2

C
C
C
C
C
C
C
C

-88.2 C

-52.7 C

-53.5 C

-88.2 C

-24 C

-41.6 C

-44.5 C

-23.3 C

-24.4 C

0.12 A
0.001 A
0.015 A

0.133 A
0.002 A
0.003 A

0.008 A
0.176 A
0.005 A

0.16 A
0.012 A
0.003 A

0.01 A
0.017 A
0.003 A

15.7 C

15.4 C

13.1 C

17.4 C

13.5 C

16.4 C

15.1 C

14.7 C

12.8 C

15.4 C

15.6
14.2
13.9
16.9
22.5

15.3
12.6
19.9
19.4
18.7

12.8
16.5
14.9
18.3
17.6

17.5
13.9
13.5
16.9
21.6

11.6
17.4
14.5
17.7
22.9

C
C
C
C
C

C
C
C
C
C

C
C
C
C
C

C
C
C
C
C

-88.4 C

Figure 21: Solar Array Temperatures

C
C
C
C
C

Magnetic and ESC Requirements and Validation
The magnetic requirements were a mission essential
requirement and had a major impact on the THEMIS
bus design, integration, and test program. The THEMIS
team had to assure and verify, early in the design cycle,
the magnetic cleanliness of the subsystems and
components to ensure DC and AC magnetic
experiments can reliably observe the magnetic field.
The magnetic requirements for the THEMIS mission
were driven by the two magnetometer instruments
aboard each of the spacecraft: Search Coil
Magnetometer (SCM) on a 1 meter deployable boom
and a Fluxgate Magnetometer (FGM) on a 2 meter
deployable boom. The requirement for static DC
magnetic field generated by the spacecraft components
and subsystems was not to exceed 5nT at 2 meters from
the spacecraft corresponding to location of the deployed
FGM. The spacecraft DC stability requirement was less
than 0.1nT over a 12 hour period. These requirements
demanded a rigorous magnetic deperm program
throughout the integration and test program as well as
an integrated design effort by the design teams to
minimize local magnetic fields produced by the bus
components. In process part magnetic testing was
performed prior to bus level integration.
The
minimization of stray electric fields were implemented
by the design of probe wiring magnetic cancellation
techniques such as twisted leads, shielded wires, and
current loop cancellation paths. Bus components, which
were directly effected by the requirements in regards to
wiring methodology, were the BAU, Harness, Battery,
Solar Arrays, Heaters, and Thermostats. Magnetic field
measurements were taken during the entire integration
effort: at the component level prior to integration,
subsystem level, bus level, and ultimately at the
integrated spacecraft level.

Figure 20: Thermal Subsystem Telemetry
Post processed launch data showed that the spacecraft
launch and cruise phase prior to separation was within
the temperature bound of the thermal analysis. During
design, several launch cases were run based on the
Launch Vehicle the trajectory models to determine the
spacecraft temperature profiles for cruise and BBQ
rolls. The flight thermal model was correlated during
the launch and early orbit phases.
No major
adjustments were made and for the majority of the time,
the temperatures seen in orbit were within 5°C of the
analysis predictions.
During early orbit maneuvers with the probes to a 75°
solar aspect angle or sun normal, the top solar arrays
were producing more power than expected which led to
the shunt circuits producing more waste heat inside the
probes coupled with load shed conditions all producing
temperatures that were outside the thermal analyses
performed for that orientation, but were within
operating temperature limits. The lesson learned from
the findings is to analyze for the best power case
scenario where shunting is at full capacity along with
the need to load shed due to high power generation
levels.
From early orbits to orbit placement, the actual flight
temperatures were observed and were found to be
consistent with the thermal analysis models. Also,
heater power consumption was evaluated to be nominal.
Solar array temperature are found in Figure 21 during
the transition to the 3 hour eclipse. The solar array
temperatures were within the flight red limits for this
survival mode.

Due to the need to measure the ambient electric fields,
as well as charged particle fluxes, the electrical
potential of all external surfaces was a major influence
on the spacecraft design. The primary driver was the
Chen
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length of the axial booms, since they were the closest
electric field instruments to the spacecraft body. A
detailed analysis was performed by UCB to develop the
surface charging requirements, which limited the
voltage potential between any two points to 1 volt, with
a 0.1V goal (in an 8 nA/m^2 flux). This, in turn,
resulted in a derived requirement that all exposed
insulator area be limited to no more than 1 cm^2 on the
external surface of the spacecraft. These requirements
posed a significant challenge to the program since they
dictated the surface resistivity of all the external
coatings, including the thermal blankets, thermal
coatings, radiators, composite structures, solar arrays
and antenna. All of the thermal blankets required a
germanium black kapton outer layer with multiple
ground wires. All tapes were electrically conductive
and grounded using conductive adhesives or folded
ground tabs. The composite structure was also
grounded with conductive adhesives and ground wires.
The solar array design required ITO coated
coverglasses that had to be connected to ground. No
solar array wires or RTV were left exposed. The
transponder radiator mounted to the bottom deck
required ITO covered Optical Solar Reflectors (OSRs)
incorporating metalized edges and conductive epoxy for
grounding. The S-Band antenna was affected since the
stacked patch design had an external dielectric that had
to be covered with a conductive ITO coating. These
design changes resulted in various degrees of impact in
both performance and validation activities. External
surface resistance measurements had to be performed
throughout the integration effort to assure the
requirements were being met, and in several cases led
to design or process changes. In the end, not only were
the requirements met, but the design goal of 0.1V
potential was also met leading to a robust surface
charging design that will enable the Electrical Field
Instruments to meet all science measurement objectives.

Feb26.
During the first tail season, THEMIS
accomplished about 200 hours of four-probe
conjunction and caught in excess of five dozen
substorms, a dozen of which were pristine vantage point
within the meridian5.
CONCLUSION
The flight data and feedback from various organizations
have confirmed robust spacecraft validation that can
survive multiple attitudes in highly elliptical orbits as
designed. ATK Space is extremely proud of the
THEMIS Probe Buses and their role in supporting the
THEMIS mission.
The following awards have been given to the THEMIS
team consisting of the NASA Group Achievement
Award and the Goddard Space Flight Center Group
Achievement Award. As mentioned, a significant part
leading to the newly selected NASA mission to study
the lunar environment is the low mass/high delta V
features.
The flight telemetry has shown consistency in the data
between the probes in various orbits demonstrating the
high quality and workmanship of the probes. In
addition, probe bus design limits have been consistently
nominal throughout launch, early orbit, and the mission
phases.
Spacecraft bus design risks were mitigated
during the I&T phase and have been validated during
launch, early orbits and over one year in the mission
phase.

The magnetic and surface charging requirements were
verified by test equipment during integration and test
phase. During mission operations there is no feasible
way to validate the exact quantifiable cleanliness value.
If the instruments are working with minimal
environmental noise from the spacecraft, the team has
done their job. The feedback received are that the
probes are working well and are clean. The extensive
magnetics and ESC cleanliness control has payed off
for the mission.
To further demonstrate probe performance and
cleanliness, a mission milestone was accomplished as
of the end of February 2008, THEMIS has observed
154 hours of four- probe conjunctions (the requirement
was 94 hours), during which it observed 57 substorms.
Of these 57 substorms, about 6-10 were observed from
an excellent vantage point during the period Feb 02Chen
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